Abstract. The activity of the Na + /H + exchanger NHE1 is required for human melanoma cell adhesion and migration. The goal of the present study was to suppress mouse melanoma (B16V) cell invasion in vivo by inhibiting NHE1. Intravital observations in mobilized left liver lobes of laparotomized male Sprague-Dawley rats disclosed that five minutes after intra-arterial administration of the B16V cell suspension, cells adhered to the endothelia of liver sinusoidal capillaries and started to migrate into the surrounding liver tissue. In the presence of the NHE1-specific inhibitor cariporide, migration/invasion was reduced by about 50% while adhesion was not lowered. Time-lapse video microscopy and adhesion/invasion assays revealed that in vitro, blockade of NHE1 by cariporide i) significantly decreased the migratory speed of the cells and ii) completely inhibited the invasive behavior of both an artificial, basement membrane-like and a dermis-like matrix. Cells were more motile on the basement membrane and more invasive on the dermis-like matrix. Small-animal PET (positron-emission tomography) analyses of B16V metastasis in female C57BL/6 mice showed that, although NHE1 inhibition hardly affected the percentage of animals developing metastases or relapses, metastases seem to get directed to the lungs in cariporide-treated animals while animals feeding on the standard diet show metastases spread all over the body. We conclude that i) B16V cells prefer to invade a dermis-like rather than a basement membranelike matrix; ii) the extracellular matrix (ECM) composition strongly impacts on NHE1-dependent in vitro cell motility and invasion; and iii) the lungs are metastasis-prone and impair the efficiency of cariporide due to their ECM composition and the pulmonary interstitial (extravascular) pH.
Introduction
Metastasis is a multistep process based on a series of events called the metastatic cascade. Neoplastic cells break away from the primary tumor, invade the neighboring tissue and intravasate into existing or newly formed lymph or blood vessels, circulate within the bloodstream and adhere to vascular walls somewhere else in the body. At these distant sites, the adherent cells extravasate through the endothelium of specific target organs, invade the surrounding tissue and proliferate to form a secondary or metastatic tumor. This chain of events requires the cells to have migration ability.
Tumor cell migration is a complex process that includes the degradation of the extracellular matrix (ECM) by the activity of tumor cell-secreted matrix metalloproteinases (MMPs) as well as a coordinated formation and release of focal adhesion contacts to the extracellular matrix mediated by receptor molecules such as integrin dimers (1) . Focal adhesion contacts are small, stable, yet transient interactions between the cell and the ECM (2, 3) . In addition to a number of cytosolic proteins attached to the actin filament network such as the proteins of the ezrin/moesin/radixin family (4), the ubiquitously expressed Na + /H + exchanger isoform 1, NHE1, is also part of these focal adhesion contacts where it may interact with integrins either directly or indirectly via the translocated protons (5) (6) (7) (8) .
The activity of NHE1 is important for various tumor cell behavior (9, 10) . The insufficient tumor vascularization characteristic of solid tumors and cancer-related anaemia lead to an inadequate O 2 supply so that the metabolism of the tumor cells is mostly glycolytic. But also in the presence of oxygen tumor cells can perform glycolysis [Warburg effect (11) ]. Hence, tumor cells are often confronted with an increased acid load (12) . The protons initially accumulating in the cytosol are extruded into the extracellular space by NHE1 which then causes an extracellular acidification of the surrounding tissue.
Activation of NHE1 is required for cell polarity and migration in fibroblasts (13) , epithelial MDCK cells (14) and Extracellular matrix composition and interstitial pH modulate NHE1-mediated melanoma cell motility human melanoma cells (15) . It enhances the invasiveness of human breast carcinoma cells (16, 17) and affects migration, morphology and adhesion of human melanoma cells (15) . These observations imply that NHE1 is involved in metastasis and tumor malignancy. One phenomenon in metastasis is the so-called organotropism (18) , i.e. the preference of cancer cells to metastasize to characteristic target organs. Thus, in addition to regional metastasis along the draining lymph nodes close to the primary tumor, distant melanoma metastases are primarily found in the lungs including the area between the lungs, in liver, skin and brain (19) . The more than a century-old 'seed and soil' theory postulates that while the cancer cells ('the seed') can disseminate into various organs through circulation, they can thrive only in permissive tissues ('the soil') that match the intrinsic properties of the tumor cell (20) . However, the reasons for this organo-or tissue tropism appear to be diverse and for the most part the underlying mechanisms are hardly understood. The direct, physical tumor-stroma interaction strongly affects the development of metastases in different tissues and organs. Composition, structure and stiffness of the extracellular matrix can modulate cell motility by exerting haptic stimuli (21) . An ECM that is optimally resistant to cellgenerated tractional forces is capable of promoting maximal migration speeds. At the same time invasion requires an ECM that is digestible for the matrix metalloproteinase set that the cells are equipped with. Both, adhesion to the ECM as well as its digestion require an optimum pH at the cell surface (22) . In addition to the overall proton concentration present in the stroma, NHE1 activity represents a tunable proton source (15, 23, 24) .
Taking advantage of an in vivo approach we show that inhibiting NHE1 activity does, indeed, reduce invasion of B16V melanoma cells into liver tissue by 50% while directing metastases to the lungs. To explain this striking observation and to learn more about the compatibility of a tumor cell with its surrounding ECM the present study compares the NHE1-dependent adhesion, migration, invasion and ECM digestion of the murine B16V melanoma cell line on two different matrices whose composition resemble either that of the basement membrane or that of the ECM of the dermis.
Materials and methods
Cells and cell culture. Cells of the mouse melanoma cell line B16V (25) were grown in bicarbonate buffered RPMI-1640 (Sigma, Taufkirchen, Germany) supplemented with 10% (v/v) FBS at 37˚C in a humidified atmosphere of 5% CO 2 /95% air.
Experimental solutions. In vitro cell migration, adhesion and invasion were observed in serum free RPMI-1640 medium. Desired pH values were adjusted by adding appropriate amounts of NaHCO 3 .
pH measurements were performed using HEPES-buffered Ringer solutions containing (mmol l ) was added to either the serum free media or to the HEPES-buffered Ringer solution.
Detection of NHE1 by western blot analysis. We followed a protocol by Fafournoux et al (26) . Confluent cells were washed twice with an ice-cold, hypotonic solution containing (mmol l -1 ): 3 KCl, 5 EDTA, 10 Tris-HCl (pH 7.4). Cells were lysed at 4˚C for 10 min in lysis buffer consisting of the hypotonic solution containing 1.0 mmol l -1 Pefabloc SC Plus (Roche Molecular Biochemicals, Mannheim, Germany) and 0.2% (v/v) of a protease inhibitor cocktail (Sigma, P8340). Lysates were scraped off 10-cm culture dishes (BD Falcon, Franklin Lakes, NJ, USA), homogenized and spun down at 20,800 x g. The pellets were resuspended in the hypotonic solution and mixed with reducing sample buffer (4:1, v/v) containing 500 mmol l -1 Tris, 100 mmol l -1 dithiothreitol, 8.5% SDS, 27.5% sucrose and 0.03% bromophenol blue indicator. SDS-PAGE was performed using acrylamide gels (7.5%) and a Minigel System (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of protein were loaded. Electroblotting was performed at 0.8 mA cm -2 for 50 min. The nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) carrying the blotted proteins were bathed in 5% (w/v) milk in 0.1% (v/v) Tween in PBS for 1 h at room temperature and then washed with 0.1% Tween in PBS. Overnight incubation with the primary antibody to the NHE1 (BD Biosciences Pharmingen, 1:500) at 4˚C was followed by a 1-h incubation with a horseradish peroxidase-conjugated goat anti-mouse IgG (1:10,000) at room temperature. Blots were developed using an ECL immunoblotting detection reagent kit (Amersham, Arlington Heights, IL, USA).
Measuring intracellular pH (pH i )
. pH i was measured using video imaging techniques and the fluorescent pH indicator BCECF (Molecular Probes, Eugene, OR, USA) as previously described (15) . Cells were treated as for migration experiments, resuspended in HEPES-buffered Ringer solution (pH 7.0), plated onto collagen coated coverslips and allowed to adapt for 3 h. Cells were then incubated with BCECF-AM (final concentration: 2 µmol l -1 ) for 5 min. The coverslips were placed on the stage of an inverted microscope (Axiovert 200; Carl Zeiss Inc., Göttingen, Germany) and continuously superfused with prewarmed (37˚C) HEPESbuffered Ringer solutions (for composition see Experimental solutions in Materials and methods). The excitation wavelengths alternated between 440 and 488 nm, respectively, while the emitted fluorescence intensities were monitored at 520 nm using a Photometrics camera (CoolSnapfx, Visitron Systems, Puchheim, Germany). The different wavelengths were generated by a high speed polychromator system (Visichrome, Visitron Systems). Polychromator and data acquisition were controlled by Metafluor software (Visitron Systems). Fluorescence intensities were measured in 35-sec intervals and corrected for background fluorescence. At the end of each experiment, the pH measurements were calibrated by superfusing the B16 cells successively with modified Ringer solutions of pH 7.5, 7.0 and 6.5 containing (mmol l Invasion into rat liver parenchyma. Male Sprague-Dawley rats (200 to 250 g, Charles River) were cared for in accordance with standards of the German Council on Animal Care, under an approved protocol of the local Animal Welfare Committee. Rats were anesthetized using inhalation of isoflurane (Curamed, Karlsruhe, Germany) and N 2 O and prepared as previously described (27, 28) . Vital signs and oxygenation status were kept stable throughout the experiments. For intravital observation of adhesive interactions between circulating tumor cells and the hepatic microcirculation, single-cell suspensions of 1x10 6 CalceinAM fluorescent-labeled B16V cells with or without 600 µmol l -1 cariporide were injected intra-arterially over 60 sec. Mobilized left liver lobes of the laparotomized rats were placed on a specific holder in order to investigate the lower lobe surface while avoiding disturbances of hepatic blood flow. Throughout the experiments the liver was continuously irrigated with isotonic saline solution. A x20 objective was located above a cover slip covering the organ surfaces. A semi-quantitative analysis of tumor cell adhesions and extravasation was performed over a 30 min observation period. Using a standardized procedure, all fields were analyzed in each of the 5-min intervals. Cells were divided into i) merely adherent and ii) extravasating cells and their average numbers in 30 microscopic fields were counted. Fluorescence images were recorded employing a videoenhancer-zoom lens system, a low-light charge-coupled device video camera allowing real-time imaging via a separate monitor and a timer containing S-VHS video system for further analysis.
Reconstituting extracellular matrices. Two different matrices were prepared, i) a basement membrane-like matrix and ii) a dermis-like matrix. In detail, the basement membrane-like matrix consisted of HEPES-buffered, serum free RPMI-1640 containing (mg ml For migration experiments the bottoms of 25-ml culture flasks (12.5 cm 2 , BD Falcon) were covered with 200 µl of the collagen mixture each, and the matrices were allowed to polymerize overnight at 37˚C in a humidified atmosphere.
For adhesion assays each well of a 24-multiwell plate (BD Falcon) was coated with 80 µl of the collagen mixture, and for invasion assays filter membranes with a pore size of 8.0 µm (ThinCert TM , Greiner Bio-One) were coated with 60 µl of the collagen mixture. The matrices were allowed to polymerize overnight at 37˚C in a humidified atmosphere.
Scanning the matrix surfaces. Atomic force microscopy was employed to scan the surfaces of the two matrices. To this end the matrices polymerized on glass coverslips overnight at 37˚C in a humidified atmosphere. They were then air-dried. The coverslips coated with the air-dried matrices were mounted on little metal plates using double-faced adhesive tape. In order to scan the surfaces of the matrices we used a Multimode AFM (NanoScope V controller, Veeco, Santa Barbara, CA, USA) equipped with a stereo microscope. Gold coated, V-shaped silicon nitride cantilevers (MSCT, Veeco) with a spring constant of 0.03 N m -1 and pyramidal tips with an estimated tip radius of 10 nm were used. The images were recorded with 512 scan lines per area, at constant force (height mode) in contact mode in air with a scan rate of 3-5 Hz. Images were processed using the Nanoscope 7.0 software (Veeco). High-resolution imaging of the matrices demanded fine-tuning of the scanning process. This comprised mainly the minimizing of the scanning force between tip and sample to values below 3 nN.
Cell adhesion and invasion. For adhesion, B16V cells grown to confluency were resuspended in serum free culture medium with or without 10 µmol l -1 cariporide and then seeded on matrix-coated plates (10x10 4 cells per well) inserted in a 24-multiwell plate (BD Falcon). After 3 h the media including the non-adhesive cells were washed off with cold PBS buffer, the remaining cells were fixed with 3.5% paraformaldehyde in PBS and counted.
For invasion, 90,000 cells were seeded on matrix-coated filter-membranes with pore sizes of 8.0 µm (ThinCert, Greiner Bio-One) at the three pH values, pH 6.8, 7.0 and 7.5. After a 48-h incubation cells were fixed and stained with crystal violet. The matrix and the remaining cells on the upper side of the filter were removed carefully and excess crystal violet was washed away with distilled water. The invasive cells that remained on the lower side of the filter were counted. To exclude that possible differences in the cell numbers are based on pH-dependent proliferation rates a proliferation assay was performed. Cells (90,000) were seeded in small cell culture dishes (area 1.9 cm 2 ). After a 48-h incubation including changing the media after 24 h, the cells were trypsinized and the cell density was determined. From the numbers obtained for the cell density the factor by which the number of cells had increased due to proliferation was calculated. The number of cells found on the lower side of the matrix-coated filter membrane was divided by this 'proliferation factor' in order to receive the correct number of invasive cells.
Analyzing cell migration. The matrix-coated culture flasks were put into heated chambers on stages of inverted microscopes (Axiovert25, Carl Zeiss Inc.). Cell migration was recorded in 10-min intervals for 5 h at 37˚C using video cameras (Models XC-ST70CE and XC-77CE, Hamamatsu/Sony, Japan) and PC-vision frame grabber boards (Hamamatsu, Herrsching, Germany). Acquisition of images was controlled by HiPic and WASABI software (Hamamatsu). The cell contours were labeled applying AMIRA software (TGS, San Diego, CA, USA) and served as the basis for further analysis. Parameters such as structural index (SI), migratory velocity (µm min -1 ) and translocation (µm) were analyzed using self-made JAVA programs and the NIH ImageJ software (http://rsb.info.nih. gov/ij/). Migration was determined as the movement of the cell center per time unit, the velocity was estimated from the 10-min time intervals applying a three point difference quotient and the cell area was measured as the number of pixels. The structural index (SI) represents the cell shape and was calculated as follows: SI = (4 π A)/p 2 , where A is the area covered by the cell and p is the perimeter of A. Values close to 1 correspond to a spherical cell shape whereas values close to 0 correspond to a spindle or a dendritic cell shape.
Detecting extracellular matrix digestion using in situ zymography. The quenched fluorophore Bodipy (Invitrogen, Darmstadt, Germany) was used for analysis of ECM proteolysis in vitro. In the intact molecule, the fluorescence is quenched by about 95% so that fluorescence occurs only when the protein is proteolyzed.
The in situ zymography was performed as described previously by Busco et al (29) . The two matrices were prepared as described above. Prior to the polymerization step, BSA-Bodipy-fluorescein conjugate (Invitrogen) was added cautiously to the matrix components (final concentration 30 µg ml -1 ) and mixed by gentle shaking. A total of 200 µl of the mix was distributed uniformly on a coverslip (Ø 30 mm) and allowed to polymerize overnight at 37˚C in a humidified atmosphere. Per coverslip approximately 30,000 cells were seeded and allowed to adhere and spread on the matrix at 37˚C in a humidified atmosphere of 5% CO 2 /95% air. Three or six hours after seeding cells were fixed with paraformaldehyde (3.5% in PBS) and focal digestion was visualized by fluorescence microscopy. To this end, the coverslips were placed on the stage of an inverted microscope (Axiovert 200, Carl Zeiss Inc.). The excitation wavelength of 488 nm was set by a high speed polychromator (Visichrome, Visitron Systems, Puchheim, Germany). Emission intensity was monitored at 510 nm using a Photometrics camera (CoolSnapfx). Polychromator and data acquisition were controlled by Metafluor software (Visitron Systems). The overall fluorescence intensity underneath the entire cell was corrected for background fluorescence by subtracting background intensities.
Metastasis in mice. C57BL/6 mice (Harlan, Horst, The Netherlands) were cared for in accordance with standards of the German Council on Animal Care, under an approved protocol of the local Animal Welfare Committee. A total of 80 µl of a B16V cell suspension containing 12.8x10 6 cells ml -1 in PBS were intradermally transplanted into the right flanks of 10-week-old female C57BL/6 mice. Mice fed standard or a cariporide containing (0.6% v/v) diet (Altromin, Lage, Germany), starting immediately after transplantation. After 3 weeks, the primary tumor was removed and metastasis was monitored over a period of 7 weeks employing a small-animal PET followed by autopsies of the eventually sacrificed animals. (30)]. Mice were anesthetized with isoflurane inhalation (2% in oxygen) and temperature was maintained by using a heating pad during the experimental procedure. Radiotracer (10 MBq) was injected intravenously and image acquisition at 60-75 min p.i. was performed.
Statistics. All experiments were repeated three to thirteen times. Data are presented as the mean values ± SD or SEM as indicated. The data were tested for significance employing Student's unpaired or paired t-test or analysis of variance (ANOVA) where applicable. The level of significance was set at p<0.05 ( * p<0.05; ** p<0.01; *** p<0.001).
Results

NHE1 expression and activity in B16V cells.
The present study intended to transfer the knowledge on the function of NHE1 in single human melanoma (MV3) cell migration to a murine melanoma cell line and to translate it into an in vivo system. We chose B16V cells as they fulfil two requirements: they express NHE1 as shown by western blot analysis (Fig. 1A) and inhibiting their NHE1 activity with the specific inhibitor cariporide induces the expected reversible intracellular acidification (Fig. 1B) .
B16V in vivo invasion requires NHE1 activity. As the main aim of the present study was to prove that inhibition of NHE1 affects B16V cell adhesion and invasion not only in vitro but also in vivo, fluorescently labeled B16V cells and cariporide or its solvent alone were injected into the carotid arteries of rats.
As previously demonstrated this route of injection ensured highest reproducibility and avoided a relevant artificial first pass effect within the lungs. The number of cells adhering to the vessel walls of liver sinusoids and that of cells extravasating into the surrounding liver parenchyma were counted. During the first 5 min after injection of the cell suspension about 25 cells (total number, obtained from 30 visual fields per rat) had already adhered to the vessel wall ( Fig. 2A and C) . After 15 min cell adhesion had reached its maximum at about 40 adherent cells. There was no significant difference in the cell adhesiveness in the presence or absence of the NHE1-inhibitor cariporide (39±3 vs. 42±5, respectively). In contrast, invasion starting within the initial 5 min after injection was clearly dependent on NHE1 activity ( Fig. 2B and D) . In the presence of cariporide the number of cells found to be migrating inside the liver parenchyma was reduced by 50%. This held true for the entire time span beginning at t=5 min until the end of the observation period at t=30 min.
Surface structure of reconstituted matrices. Since human melanoma cell adhesion to a reconstituted collagen type I matrix depends on NHE1 activity (31) we theorized that the lack of the cariporide effect on B16V adhesion to the sinusoidal wall could be caused by the composition of the local, perisinusoidal matrix, known to be rich in fibronectin (32) . To identify how the ECM composition affects the behavior of B16V cells, two different ECMs, a basement membrane-like and a dermis-like matrix, were prepared. Their relief was scanned utilizing the AFM technique. The basement membrane-like matrix formed a dense gel with hardly visible, very small pores compared to the dimension of a cell (Fig. 3A) whereas the dermis-like matrix formed a fibrillar meshwork with large pores (Fig. 3B) . This observation is perfectly consistent with electron micrographs published by Poincloux et al (33) who compared the matrix architecture of Matrigel commonly used to imitate the basement membrane with that of acid-solubilized collagen I often used as a model for the interstitial matrix.
The basement membrane-like matrix facilitates adhesion and migration. Fig. 4 shows that B16V cells were significantly more adhesive (p<0.05) on the basement membrane-like as compared to the dermis-like matrix ( Fig. 4A and B . We chose two parameters to describe cell motility: i) the migratory speed (Fig. 4C); and ii) the translocation that represents the distance covered during the course of a 5-h experiment (Fig. 4D) , p=0.04). In contrast, the translocation remained nearly unaffected on the basement membrane but was significantly lowered on the dermis-like matrix (from 27.3±7.0 to 11.4±2.2 µm, p<0.05).
The dermis-like matrix facilitates invasion. Next, we investigated whether the matrix-dependent differences in the migratory behavior of B16V cells are reflected also in their invasive behavior (Fig. 4E and F) . The cells preferred to invade the dermis-like matrix. Invasion into the dermis-like matrix was drastically reduced upon NHE1 inhibition by cariporide. Normally, invasion is accompanied by digestion of the extracellular matrix (34) . According to this and to our observation that B16V cells prefer to invade the dermis-like matrix, the cells digested the dermis-like matrix much more efficiently than the basement membrane-like matrix ( Fig. 5A and B) . Also the digestion process is significantly facilitated by the activity of NHE1.
B16V cell adhesion, morphology, migration and invasion depend on extracellular pH e .
At extracellular pH (pH e ) values of 6.8 and 7.0, NHE1 inhibition by cariporide led to a significant (p<10 -3 ) decrease in in vitro cell adhesion (Fig. 6A) . This cariporide effect was most distinct at acidic pH e values (pH 6.8) and not present at pH e 7.5. Adhesion also depended on pH e per se irrespective of NHE1 activity. It decreased as pH e increased no matter whether NHE1 was fully active (pH e 6.8: 40.9±12.2; pH e 7.0: 34.0±7.6; pH e 7.5: 14.5±6.4 cells per well) or inhibited (pH e 6.8: 24.5±7.3; pH e 7.0: 21.5±5.2; pH e 7.5: 11.4±4.5 cells per well). At the same time the morphology altered from spindle-shaped to spherical (Fig. 6B and C) . Accordingly, the structural index (Fig. 6B) increased by approximately 0.15 units in control and in cariporide-treated cells when pH e was shifted from pH 7.0 to 7.5. However, in general, cariporide-treated cells were significantly more spherical than the cells under control conditions. Fig. 6D and E) . Under standard conditions at pH e 7.0 maximum migratory speed was 0.25±0.03 µm min -1 (Fig. 6D ) and the translocation amounted to 27.3±7.0 µm (Fig. 6E) . From there, speed and translocation decreased when pH e was increased to pH 7.5 (speed: 0.15±0.02 µm min -1 , translocation: 10.9±2.0 µm) or decreased to pH 6.8 (speed: 0.23±0.03 µm min -1 , translocation: 18.4±3.6 µm). NHE1 inhibition led to a significant reduction in migratory speed at all of the different pH e values. A lower pH e seems to be able to compensate for the lack of NHE1 activity: in cariporide treated cells the migratory activity, i.e. speed and distance, increased continuously as pH e decreased from pH 7.5 (speed: 0.08±0.01 min -1 , translocation: 9.7±1.6 µm) over pH 7.0 (speed: 0.16±0.02 µm min -1 , translocation: 11.4±2.2 µm) to pH 6.8 (speed: 0.17±0.03 µm min -1 , translocation: 14.0±3.2 µm). Invasion was completely absent at all tested pH e values when NHE1 was inhibited by cariporide (Fig. 6F) . In contrast, under control conditions invasion reached its maximum at pH e 7.0 (28.5±10.0 cells per filter). It dropped significantly when pH e was increased to pH 7.5 (8.6±2.8 cells per filter) and was also diminished when pH e was decreased to pH 6.8 (16.3±6.7 cells per filter). 
Migration of B16V cells depends also on pH e (
NHE1-inhibition affects melanoma metastasis.
In addition to the intravital imaging of B16V cell invasion into rat liver parenchyma (Fig. 2) , we launched another in vivo approach investigating NHE1-dependent metastasis in female C57BL/6 mice. Three weeks after intradermal injection of the B16V cell suspension into the right flank, the primary tumor was removed and metastasis was monitored over a period of 7 weeks employing a small-animal PET and followed by autopsies of the finally sacrificed animals (Fig. 7) . The percentage of animals developing metastases or local relapses hardly differed between the two groups. In 4 out of the 8 (50%) control animals and in 5 out of the 8 (62.5%) cariporide-treated animals metastases and/or local relapses occurred after removal of the primary tumor. However, it is particularly noticeable that counting all visible metastases per animal revealed that in cariporide-treated animals metastases occurred mainly in the lungs (in 3 out of the 4 control vs. 5 out of the 5 cariporide-treated animals), but neither in the dermis nor in lymph nodes. Metastases in the ovaries were rather rare compared to untreated animals. Thus, in cariporide-treated cells metastases seem to get directed to the lungs while control animals show metastases spread all over the body.
Discussion
Key results of the present study are that NHE1 inhibition in B16V cells i) significantly reduces invasion of rat liver parenchyma; ii) decreases adhesion, migration and invasion depending on the composition of the employed reconstituted matrices; and iii) directs the metastatic spread to the lungs. . While the migratory speed is generally higher on the basement membrane-like matrix, the distance covered is more sensitive to NHE1 inhibition in cells seeded on the dermis-like matrix. (E) Cells were seeded on the two different matrices in absence and presence of the NHE1 inhibitor cariporide. Cells were allowed to invade the matrix and cross the porous bottom of the insert for a period of 48 h. Cells at the lower surface of the porous membrane were counted (n=8 experiments). (F) B16V cells invade the dermis-like but hardly the basement membrane-like matrix. Invasion is completely inhibited in the presence of cariporide. All data are presented as mean values ± SEM.
NHE1 inhibition efficiently reduces invasion of liver parenchyma. B16V cell adhesion to the walls of rat liver sinusoids was observed to remain unaffected by cariporide whereas invasion of the liver parenchyma was decreased by ~50% (Fig. 2) . Collagen types I, III, IV and V are the most frequently found in the ECM of the rat liver (35) . While collagen types I, III and V are confined mainly to the portal tract and the central vein wall, type IV collagen, laminin and fibronectin are components of a low-density, basement membrane-like material lining the sinusoidal walls (36, 37) . The low density of this basement membrane-like structure could help the tumor cells to adhere to the sinusoidal wall and to find access to the parenchyma. The ECM of the liver parenchyma also contains heparan sulfate-proteoglycans (38, 39) . The heparan sulfate-poteoglycans are digested by the B16 cells' MMPs, thereby allowing efficient B16 invasion of the rat liver parenchyma (40) . While NHE1 inhibition by cariporide hardly affects adhesion to the sinusoidal wall, it significantly reduces invasion suggesting that under these conditions the protons extruded by NHE1 function as a digestive catalyzing MMP action rather than as a glue that strengthens focal adhesions (22) . This interpretation finds additional support by our in vitro studies showing that the physiological pH close to ~7.4 in the sinusoidal blood possibly renders cariporide ineffective in disturbing adhesion (Fig. 6A) whereas invasion is significantly reduced even at pH 7.4 (Fig. 6F) .
The ECM composition arranges motility and invasion.
In order to analyze B16V migration and invasion more precisely, two types of reconstituted matrices resembling either the ECM of the dermis or the basement membrane were generated (Fig. 3) . B16V cell behavior was totally different on these two matrices. Cells were more adhesive and migrated more quickly on the basement membrane while strongly invading the dermis-like matrix. These findings support the observations by Luikart et al (41) who found that a B16 clone derived from B16F1 remained more spherical when seeded on collagen type I whereas it tended to spread on collagen type IV. In the present study, laminin and fibronectin were key constituents of the basement membrane-like matrix. Both laminin and fibronectin can be bound by heparin or heparan sulfate present at the cell surface as a component of the glycocalix (42) (43) (44) .
Heparan sulfate proteoglycans also represent specific components of native basement membranes and the degradation of heparan sulfate chains is required for B16 cell invasion (40) . Our reconstituted basement membrane-like matrix used here with cariporide reduces the migratory speed and the displacement at pH e 7.0 and 7.5 while at pH e 6.8 it has no statistically significant effect (mean ± SEM; n per value = at least 30 cells from 8 experiments). (F) Invasion through a coated filter membrane depends on extracellular pH with a maximum invasion at pH e 7.0. It is completely blocked when NHE1 is inhibited (mean ± SEM; n=8 independent experiments).
did not contain any heparan sulfate proteoglycans which could account for the lack of invasion (Fig. 4F ).
B16V cell adhesion was twice as strong on the basement membrane-as on the dermis-like matrix (Fig. 4B) . This strong Figure 7 . B16V metastasis in female C57BL/6 mice fed on a standard (A, B and E; n=8) or a cariporide (C, D and E; n=8) containing diet. Three weeks after intradermal injection of a B16V cell suspension into the right flank, the primary tumor was removed and metastasis was monitored over a period of 7 weeks employing a small-animal PET. Fluorodeoxy-glucose indicates metastases by accumulating in metabolically active organs and tissues. The PET monitoring (shown as maximum intensity projections) was followed by autopsies of the sacrificed animals. adhesion to the basement membrane can be correlated with a rather low translocation (Fig. 4D) as the cells keep moving vividly, although on the spot (Fig. 4C ). α 4 β 1 , α 6 β 1 and α ν β 3 integrins preferentially bind to collagen IV, laminin and fibronectin, respectively (45, 46) , and in murine melanoma cells, α ν β 3 integrin-binding to fibronectin mediates adhesion and motility (47, 48) . Thus, the components of the reconstituted basement membrane force the cells to use the appropriate integrin dimers in order to interact specifically with the respective constituent. The present reconstituted basement membrane induced adhesion and spreading but did not facilitate translocation and invasion (Fig. 4) suggesting that either the α ν β 3 integrin-binding to fibronectin was too strong or that in addition other cell-matrix interactions are required for directional migration or invasion.
The ECM composition determines the efficiency of NHE1 inhibition. Both migration and invasion of human melanoma (MV3) cells require well-balanced adhesion strength and depend on NHE1 activity and pH e (31, 49) . B16V cell adhesion and migration on the dermis-like matrix also depend on pH e and NHE1 activity ( Fig. 6A-E) . The higher the extracellular proton concentration is the stronger is the adhesion strength, and adhesion is clearly reduced when NHE1 is inhibited by cariporide. The cariporide-induced decrease in motility can be compensated for by an increase in the extracellular H + concentration, i.e. a decrease in pH e , especially visible at pH e 6.8 ( Fig. 6D and E) .
In MV3 cells NHE1 modulates the cell surface pH (8, 15) , even locally right next to integrins at focal adhesions (24) . These pH-environments are stabilized by the glycocalix (23) . Particularly at focal adhesions at the cell front, the pericellular H + concentration is high. An acidic extracellular pH activates α ν β 3 integrins by opening the head pieces of the dimers (50) . Thus, the protons extruded by NHE1, predominantly at focal adhesions, could stabilize the α ν β 3 integrin-mediated B16V cell adhesion on the basement membrane-like matrix. Indeed, NHE1 inhibition by cariporide reduces adhesion by more than 50% (Fig. 4B) .
The high levels of basal NHE1 activity in tumor cells (10,51) and the resulting acidification of both the cell surface and the extracellular space also elevate the proteolytic potential leading to an increase of tumor cell invasiveness (22) . A low pH e of the tumor microenvironment optimizes the activity of matrix metalloproteinases (MMPs) (52) and cathepsins D (53, 54) , B and L (55) as well as the urokinase-type plasminogen activator (56) . In this context, even α ν β 3 integrin expression might facilitate B16 cell invasion of collagen type I-containing matrices. Collagen type I, denatured by heat or after proteolysis at physiological temperatures can be ligated by α ν β 3 integrins (57). Thus, initial, unspecific digestion of dermal collagen type I during the course of tissue remodeling or infiltration makes cryptic RGD sites accessible (58) for α ν β 3 integrins. The stimulated α ν β 3 integrins activate MMP2 present on the cell surface which in turn furthers collagen type I digestion (59) . The proteolytic activity of MMPs was indeed significantly higher in cells seeded on a dermis-like matrix (Fig. 5 ) strongly suggesting that the molecular composition and/or the structure of the ECM trigger its own digestion. A considerable role of NHE1 activity in this setting is supported by the present findings that on the dermis-like matrix the proteolytic activity is significantly reduced and the invasion nearly completely blocked upon NHE1 inhibition. However, during invasion as opposed to migration, a missing NHE1 activity cannot be compensated for by a decrease in pH e (Fig. 6F) confirming that the protons locally extruded by NHE1 dominate those present in the bulk solution (15) .
NHE1 inhibition is ineffective in the lungs. In mice, NHE1 inhibition does not inhibit the overall metastasis rate but seems to direct metastasis preferentially to the lungs (Fig. 7B) , or put differently, cariporide does not inhibit metastasis to the lungs. Two factors could contribute to this phenomenon: i) the composition of the lung ECM may support homing; and ii) the local, alveolar pCO 2 and hence the local pH e might circumvent the blockade of NHE1.
The ECM of the lung is a network of non-uniformly distributed elastic fibers that loop around alveolar ducts and form rings at the mouths of alveoli (60) . It consists of elastin, a highly proteinase-resistant protein, interstitial collagen types I and III that provide tensile strength, and collagen type IV as part of the basement membrane separating the alveolar endothelium and epithelium. Also in the lungs proteoglycans, in particular the heparan-sulfate proteoglycan whose degradation is required for B16 cell invasion (40) , are highly expressed in both the basement membrane and the interstitium (60, 61) . Furthermore, numerous studies indicate that fibronectin, the preferential ligand of α ν β 3 integrins, is present in the basement membrane of alveolar epithelia (reviewed in ref. 62) . Spontaneous metastasis of breast cancer to lung and bone is enhanced by α ν β 3 integrins, partially due to their strong binding to fibronectin and vitronectin (63) (64) (65) . In addition, binding of α ν β 3 integrins to ECM proteins prevents apoptosis in a foreign environment (66) .
In a healthy human being pH e values come to about pH 7.1 in liver, less than pH 6.9 in active muscle, and only pH 6.7 in the pulmonary extracellular space (67) . The in vitro experiments of the present study show that regarding cell motility ( Fig. 6D and E) the proton concentration at a pH e of 6.8 appears to compensate for NHE1 inhibition. Consequently, the rather acidic pH in the extravascular space of the lung could neutralize the effects of NHE1 inhibition by cariporide which then would lead to the observed formation of lung metastases in the cariporide treated mice.
Although NHE1 inhibition leads to a decrease in adhesion, invasion and metastasis, its function as a sole potential target in cancer therapy remains still questionable. The present results show that the effectiveness of NHE1 inhibition in reducing melanoma metastasis depends on both the composition of the ECM, which varies tremendously between different organs and tissues, and the local pH e , which is modulated by NHE1 activity, vascularization, pCO 2 and other acid/base regulators. The locally very different interstitial pH e values depend not only on the local metabolism and vascularization/perfusion but also on the buffer capacity determined by the local, tissue-specific glycosaminoglycan composition. Due to the interweavement of these numerous parameters it will be very difficult to analyze and predict the efficacy of NHE1 inhibition locally and individually. Nevertheless, the use of NHE1 inhibitors as an adjuvant therapy strategy or as one constituent of a broader drug cocktail appears to be a promising approach to further advance anticancer therapies.
